We report on the effect of interpolymer complexes (IPCs) of poly(acrylic acid) (PAA) with poly(ethylene glycol) functionalized Au nanoparticles (PEG-AuNPs) as they assemble at the vapor-liquid interface, using surface sensitive synchrotron X-ray scattering techniques. Depending on the suspension pH, PAA functions both as a weak polyelectrolyte and a hydrogen bond donor, and these two roles affect the interfacial assembly of PEG-AuNPs differently. Above its isoelectric point, we find that PAA leads to the formation of a PEGAuNPs monolayer at the interface with hexagonal structure. In the presence of high concentration of HCl (i.e., below the isoelectric point), at which PAA forms IPCs with PEG, the hexagonal structure at the interface appears to deteriorate, concurrent with aggregation in the bulk. Thus, while electrolytic behavior of PAA induces interfacial assembly, hydrogen bonding behavior, as PAA becomes neutral, favors the formation of 3D assemblies. For comparison, we also report on the formation of PEG-AuNPs monolayers (in the absence of PAA) with strong electrolytes such as HCl, H2SO4 and NaOH that lead to a high degree of crystallinity.
Introduction
Arrays of nanoparticles (NPs) with long range order in two and three dimensions, referred to as NP superlattices, can be self-assembled from colloidal suspensions of NPs. Such NP superlattices are of significant research interest due to their potential applications in fields such as plasmonics, sensing, catalysis etc. [1] [2] [3] Interfacial assembly of NPs is of particular interest by virtue of its relevance to biological systems and its applications in device fabrication. 4 Earliest examples of NP superlattice formation have been demonstrated with evaporation induced assembly of NPs at the solid-air interface.
5 Similar strategy has later been extended to air-liquid interface by spreading a NP suspension on an immiscible liquid surface to obtain a monolayer of two-dimensional (2D) superlattice. 6 Charged Langmuir monolayers have been used as templates for the formation of stimuli-responsive assemblies of DNA-functionalized NPs.
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Nanoparticles functionalized with various polymers such as single stranded DNA (ss-DNA), 10, 11 poly(ethylene glycol) (PEG), [12] [13] [14] [15] and poly(N-isopropylacrylamide) (PNIPAM) 16 have been shown to form salt responsive Gibbs monolayer assemblies with high degree of two-dimensional (2D) crystallinity at the vapor-liquid interface. Charge neutralization and the hydrophobicity of the alkyl thiol linker were hypothesized to be the driving factors for the salt-responsive assembly of ssDNA functionalized AuNPs. 11 When the ssDNA have "sticky ends" that can hybridize, the apparent order at the interface worsens and aggregation is ob-2 served in bulk. 11 In the case of PEG-AuNPs, the addition of ions causes decrease in solvent quality for the polymers leading to phase separation and nanoparticle self-assembly, where the specific effect of ions follows the Hofmeister series. 12, 14 Similarly, PNIPAM-AuNPs also show salt responsive 2D assembly due to lowering of lower critical solution temperature (LCST) of PNIPAM by salt. In all the above cases, a hexagonal packing at the interface is observed at appropriate salt concentrations. In contrast, AuNPs functionalized with alkyl thiol terminated poly(acrylic acid) (PAA) form a dense monolayer at vapor-liquid interface with 1D chain-like order upon lowering the pH, driven by inter-particle hydrogen bonds.
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Thus, there are apparent differences in the formation of assemblies mediated by ions and hydrogen bonds. The basic mechanism of formation of these assemblies needs to be understood so that the crystal symmetry can be controlled for specific applications.
One phenomenon where both ionic and hydrogen bonding interactions play a role is the formation of interpolymer complexes (IPCs). IPCs are formed when two distinct polymers interact with each other along their respective chains via non-covalent interactions such as hydrogen bonds. One of the earliest studies on the formation of interpolymer complexes with PAA and PEG was published in 1964, 18 and the field has ever grown since then.
Polymers with hydrogen bond accepting groups such as ethers and ketones can form IPCs with polyacids such as PAA and PMMA. [19] [20] [21] [22] [23] [24] Block copolymers of PAA and PEG also show pH dependent aggregation and gelation behavior in solution. 23, [25] [26] [27] Since the formation of stable hydrogen bonds requires the poly(acid) to be protonated, there exists a critical pH above which the IPCs dissociate. Here, we explore the effect of formation of IPCs at low and high PAA concentrations on the interfacial assembly of PEG-AuNPs using liquid surface X-ray scattering (schematic shown in Fig. 1 ).
To unravel the effect of interpolymer complexation on the 2D assembly of PEG-AuNPs in the presence of PAA we also study the effect of HCl alone on PEG-AuNPs assembly as a control system. Previous studies have already established that electrolytes such as NaCl cause 2D interfacial assembly, but the specific ion effects are not yet understood. 14 Anions 3 have a pronounced effect on the inter-particle distances in the assemblies compared to the cations. Distribution of ions in these monolayers is still an outstanding question. In the case of assemblies obtained with Cs 2 SO 4 , an interfacial depletion of the cation Cs + has been reported. 13 This makes the effect of strong acids on the assembly particularly interesting as the hydronium ions are expected to preferentially adsorb at the air-water interface. 28, 29 This anomalous behavior of hydronium ions has been hypothesized to be the cause of decrease in interfacial tension in the presence of high concentration of strong acids, which is in contrast to the increase in interfacial tension in the presence of salts. So, to explore the effects of different ions on the interfacial assembly of PEG-AuNPs, we used NaCl, PAA (by itself and with HCl), HCl, H 2 SO 4 and NaOH at different concentrations. Remarkably, we find that all the electrolytes lead to interfacial assembly of a monolayer of PEG-AuNPs, where the strong electrolytes lead to better crystallinity compared to PAA.
Experimental

Reagents and Materials
Citrate stabilized gold nanoparticles with 10 nm nominal diameter (referred to as AuNP)
were purchased from Ted Pella Inc. Poly(ethylene glycol) methyl ether thiol of average molecular weight (M n ) of ∼ 2000Da and Poly(acrylic acid) of M n ∼ 2000Da (referred to as PEG2k and PAA2k, respectively) were purchased from Sigma Aldrich. Poly(ethylene glycol) methyl ether thiol of M n ∼ 5000Da (referred to as PEG5k) was purchased from
CreativePEGWorks Inc. All the chemicals were used as obtained from the manufacturer, without any purification.
Poly(ethylene glycol) functionalized AuNPs (referred to as PEG2k-AuNP or PEG5k-AuNP) were prepared by a simple ligand exchange. AuNPs and aqueous solutions of PEG2k or PEG5k were mixed at a molar ratio of 1:25000, under roto-shaking for 2 days. The solution was then purified by centrifuging the mixture for 1.5 hours, over 4 cycles to remove 4 unbound PEG and the PEG-AuNPs were redispersed in millipore water. Concentration of PEG-AuNPs was estimated from the extinction value of the suspension at 520 nm, using UV-vis absorption spectra (Molecular Devices SpectraMax). Hydrodynamic sizes of the NPs were measured by Dynamic Light Scattering (Malvern Zetasizer Nano-ZS90 (HeNe laser, wavelength =633 nm, 90°scattering angle).
Experimental Setup
Grazing incidence -small angle X-ray scattering (GI-SAXS) and specular X-ray reflectivity (XRR) measurements were taken at Argonne National Laboratory on beamline 15 ID-C at APS using liquid surface x-ray scattering with X-ray energy, E = 10 keV, and λ = 1.24Å. We used a set-up described elsewhere. 16 Briefly, 1.5 mL of ∼ 14nM PEG-AuNPs were spread on a stainless steel trough (approximate dimensions 20 × 100 × 0.3 mm 3 ) and the trough was placed in an air-tight chamber that is continuously flushed with water-saturated Helium.
To observe the interfacial behavior of PEG-AuNPs upon addition of various electrolytes (HCl, H 2 SO 4 , PAA2k etc., and water for control) appropriate amounts of aqueous solutions of electrolytes were added to the trough and mixed well. GI-SAXS and XRR data were measured and analyzed as described earlier. 16 Note that all GI-SAXS graphs are displayed as an integration across the area detector (Pilatus 100K) from a Q z range of [0.02 : 0.1]Å −1 .
All the measurements were conducted at room temperature.
Results and Discussion
To ensure colloidal stability of PEG-AuNPs that are synthesized by ligand exchange method, we use dynamic light scattering (DLS). As expected, the hydrodynamic size of the particles increases with molecular weight of the PEG used in this study, as shown in Figure S1 .
PEG-AuNPs synthesized using the same procedure show that the PEG chains are in the semi-dilute polymer brush regime. 30 For the x-ray measurements, the NP suspensions are 5 Figure 1 : Schematic of the experimental set-up. A suspension of PEG-AuNPs is contained in a trough that is placed in a chamber flushed with water saturated helium gas. Electrolytes, such as HCl, are added to the suspension and mixed thoroughly. Xrays are incident on the vapor-liquid surface and the scattered rays (in terms of scattering vector, Q) are collected in X-ray reflectivity (XRR) and grazing incidence small angle X-ray scattering (GI-SAXS) modes to provide the interfacial structural information.
placed in a trough which is enclosed in an air-tight chamber that is constantly flushed with water-saturated helium. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 demonstrating acids also induce assembly and crystallization of the NPs at the interface, as also shown in the SI for sulfuric acid. In the absence of HCl the pattern in Fig. 2 (a) shows a form factor-like feature that can be associated with PEG5k-AuNPs, indicating that some of the grafted NPs spontaneously populate the interface without any inter-particle correlations.
Effect of electrolytes
PEG5k-AuNP
The corresponding XRR shows some modest oscillations (Fig. 2c) . This is likely due to the the weak amphiphilic property of PEG chains in water. At 0.1 mM the GISAXS pattern shows two broad peaks at ∼ 0.012Å Fig. 2c and 2d ). The extent of population of the interface by PEG-AuNPs can be qualitatively gauged by the height of the ED profile. Maximum electron density of the 2D assembly is ∼ 0.55e/Å 3 ( Fig. 2d) , whereas the electron density of bulk water and gold are ∼ 0.33e/Å 3 and ∼ 4.67e/Å 3 , respectively. XRR and the fit ED profile show that the assembly is approximately one nanoparticle thick (Fig. 2c, and 2d ). There is no significant change in XRR when the HCl concentration is increased from 1 mM to 10 mM showing 8 S3 a-c). Parameters concerning GI-SAXS peak shapes and ED profiles can be found in Table. 1. While the pH of the corresponding samples with HCl and H 2 SO 4 at similar values, the ionic nature of each solution is markedly different (Cl − compared to SO 4 2− ). This change in ionic environment has no appreciable difference on the accumulation of particles at the surface, nor on the formation of the 2D superlattice, except for small differences in lattice constant.
For comparison, we also examine the effect of adding a strong base to the suspension.
Interestingly, while 1 mM of HCl induces the formation of highly crystalline hexagonal structure, 1 mM NaOH induces only short range order (Fig. S3d) . Further concentration increase of NaOH to 10 mM improves significantly the crystallinity. The surface accumulation of PEG5k-AuNPs at 10 mM of NaOH is comparable in magnitude (ρ max ≈ 0.58 e/Å 3 ) to the same in acidic environment. Results from GI-SAXS and XRR for PEG5k-AuNPs with the strong electrolytes are summarized in Table 1 . With all the salts, lattice constant of the assemblies either remains constant or decreases with increasing salt concentration. The variation of lattice constants for different anions is in correspondence with results reported earlier.
14 However, the difference in lattice constants observed for HCl and H 2 SO 4 (< 1nm)
is much smaller than the values reported for KCl and K 2 SO 4 (∼ 7 nm).
We examine the effect of PEG chain length by conducting similar experiments with PEG2k-AuNP. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lattice constant in the interfacial assembly can be tuned by the length of PEG chains on nanoparticles. XRR and the extracted ED (Fig. 3d) are consistent with the smaller unit cell that lead to much higher EDs than those observed for PEG5k-AuNPs. Furthermore, the monolayer is brought closer to the surface; this indicates that the proximity of the monolayer to the surface is directly influenced by the length of the polymer. More details and comparisons are provided in Table, 1 and in Fig. S4 . For comparing the extent of interfacial accumulation of AuNPs, we define electron surface-excess, ρ 2D , as the integration of ρ(z) across the z direction, after subtracting off the ED of water (Equation 1). In general, ρ 2D increases with increasing ion concentration and is higher for PEG2k-AuNPs than that for PEG5k-AuNPs, consistent with the shorter inter-particle distances in PEG2k-AuNP crystals.
In summary, all the tested electrolytes (strong/weak, acidic/basic/neutral) cause interfacial assembly of PEG-AuNPs in a concentration dependent fashion, as schematically depicted in Figure 4 . The assemblies are formed in the presence of sufficient concentration of ions, irrespective of the solution pH. If the PEG-AuNPs were to assemble as hard-spheres, the lattice constant would be equal to the hydrodynamic size of the suspended nanoparticles.
Experimentally obtained lattice constants vary with the electrolyte species and its concentration, but are in all cases smaller than the hydrodynamic size in pure aqueous suspensions.
This indicates that there is either inter-digitation or compression (or a combination of both) of the PEG chains as they assemble into superlattices.
It is hypothesized that the increase in interfacial tension at the PEG-corona -water interface due to the addition of salts (ions) leads to the migration of PEG-AuNPs to the water-vapor interface (analogous to aqueous biphasic separation of PEG with salt).
12 Further, this effect of salts on the interfaces has been correlated with their effect on the bulk properties of water via the Jones-Dole coefficient. 14,34 However, the effect of acids on PEG corona is still debated, such as with Pluronic block copolymers, which are analogous to spherical NPs with PEG corona. 35, 36 The difference in HCl and NaCl solutions is in the nature of cation. Hydronium ion differs from other cations with respect to interfacial ad-10 Fig. 2 . Note that interparticle spacing in the lattice decreases for the PEG-2k compared to the PEG-5k shown in Fig 2. Also, the electron density for the PEG2k-AuNPs shown (d) is larger than that for PEG5k-AuNPs as the density of AuNPs is higher.
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, FWHM is the full-width at half-maximum of the primary peak in GI-SAXS curves, Q 1 /FWHM is proportional to the number pf unit cells in a crystallite, and ρ 2D is the electron surface-excess, obtained by integrating the electron density with height according to Equation 1 . Values in the parenthesis indicate the error on the last significant digit. sorption, showing preferential adsorption due to its hydrogen-bonding properties.
28,29,37,38
Thus, it is remarkable that, notwithstanding these differences, both NaCl and HCl (and other electrolytes) lead to interfacial assembly of PEG-AuNPs.
Effect of PAA on PEG-AuNPs
The effect of PAA, a weak polyelectrolyte, on the assembly of PEG-AuNPs is shown in Fig.   5 and Table 2 . At 0.001 mM of PAA, GI-SAXS results shows a broad shoulder at 0.012Å Figure 4 : Schematic representation of the effect of electrolytes on the assembly of PEG-AuNPs at the vapor-liquid interface and in bulk. In electrolytic conditions, a monolayer of PEG-AuNPs with hexagonal in-plane structure forms at the interface without particle aggregation in the bulk. This phenomenon is observed in the presence of ions despite the solution pH being acidic, basic or neutral.
indicating weak correlations among the NPs. As the concentration of PAA in the suspension increases, the in-plane order of PEG5k-AuNPs increases as shown by the appearance of Bragg peaks (Fig. 5b) . The position of the primary peak, Q 1 appears at 0.018Å −1 and 0.017Å −1 for 0.01 mM and 0.1 mM of PAA, respectively. The corresponding XRR and ED profiles show the formation of dense NP monolayer at the interface with increasing PAA concentration in the suspension ( Fig. 5c and 5d ). There is significant rearrangement of the NPs at the interface as the PAA concentration is increased from 0.01mM to 0.1 mM, as evidenced by the interference in the diffraction pattern. At 1 mM of PAA, the interference in the diffraction pattern appears to deteriorate. For 0.1 and 1 mM of PAA, the GI-SAXS curve is a combination of form factor and structure factor, and the higher order peaks are not well defined, indicating poor crystallinity. Although PAA can bring nanoparticles to the surface to a somewhat comparable degree (ρ max ≈ 0.45 e/Å 3 ) as HCl, the in-plane structure is not as well ordered (F W HM (1 0) = 0.01Å −1 ). We note that PAA is a weak electrolyte and is partially ionized in water, leading to a drop in pH of the suspension. At 1 mM of PAA, the pH is nearly 3, making it similar to 1 mM of HCl in terms of proton concentration.
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Effect of neutral PAA (inter-polymer complexation)
To test the effect of formation of IPCs via the hydrogen bonds on the 2D assembly of PEGAuNPs, we systematically vary the concentration of HCl in the suspension so that PAA is increasingly becoming charge neutral. For each PAA concentration, we add HCl serially to the sample to obtain different sample conditions (fresh NPs are used for each level of PAA). The results are shown in Figure 6 , S6, S7, and Table 3 . In all the tested conditions, whenever a crystalline structure is observed, the lattice is found to be hexagonal and is also one NP thick monolayer. So, for brevity, we show the variation of fit parameters namely, the lattice constant of the hexagonal lattice, FWHM from the primary GI-SAXS peak, and ρ 2D
from ED fits to XRR data in Figure 7 . As shown in Figure 7a , at all PAA concentrations, the lattice constant is observed to show a decreasing trend with increasing [HCl] . As [HCl] is increased, at a given [PAA], the formation of IPCs is enhanced due to higher protonation of PAA. In fact, the critical pH below which stable IPCs are formed is ∼ 3 for PEG-PAA Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Crystalline quality of the assemblies can be quantified by the ratio of primary peak position in GI-SAXS to its FWHM (Q 1 /F W HM ) as crystal imperfections lead to widening of the peaks. Figure 7b shows the variation of this ratio at different levels of PAA and HCl.
At low [PAA] concentrations the crystal quality increases with [HCl] , whereas at high [PAA] concentration, it decreases above 1 mM of HCl. At 1 mM of PAA, the crystal quality is 17 significantly diminished at 10 mM of HCl, although the monolayer is still maintained (Fig.   6 ). We hypothesize that at low [PAA] the electrolyte induced assembly is the dominating mechanism, whereas at high [PAA] and high [HCl] , IPCs play a significant role in altering the assembly structures. In fact, when the sample corresponding to 1 mM PAA and 10 mM HCl is collected from the trough and left to stand for more than two days, aggregation of nanoparticles in the bulk is clearly observed. These aggregates formed in the bulk with PAA-PEG IPC-mediated assembly show crystalline structure with FCC symmetry and it is hypothesized that hydrogen bonding and the van der Waals forces play a significant role in the formation of these assemblies.
30 Electron surface-excess shows an increasing trend with
[HCl] (Fig. 7c )and appears to be inversely related to the corresponding lattice constants, which is consistent with the decreasing NP density at higher inter-particle spacing. Table. 1.
[ In order to study the effect of molecular weight of PAA, we examine the formation of assemblies with PAA of M n ∼ 100 kDa at 20µM, which has the same monomer concentration as 1mM of 2kDa PAA. Firstly, PAA100kDa in the absence of HCl does not lead to any ordered assembly at the interface (Fig. S8) . 
24,39
In summary, conditions that favor the formation of IPCs (high concentrations of HCl and PAA) cause compaction of the 2D lattice with apparent deterioration in crystal quality and slow aggregation in bulk as depicted in Figure. 8. We propose that at low [HCl] , the mixture of PAA and HCl mainly show electrolytic behavior and hence electrolyte induced assembly is observed. This explains the improvement in crystal quality obtained at 1 mM of HCl.
At high [HCl] however, the IPC formation is favored as the PAA is mostly in protonated state. These assembly features are shown in schematic (Fig. 4) and qualitatively in the phase diagram (Fig. 9) . The reduction in crystal quality at the interface at high HCl (IPC favored conditions) suggests competition between IPC-mediated 3D assembly and interfacial assembly. Superficially, both phenomena (electrolyte-induced assembly and IPC-mediated assembly) are expected to cause dehydration of PEG-AuNPs, and hence form assemblies due to hydrophobic effect. However, as our results show, there are differences in assembly due to ions and due to IPCs and thus the exact mechanisms through which the assemblies form need further research. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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